The present study concerns the effects of one-electron oxidation chemistry on the CPMV capsid. We focus here on the use of tripeptide NH 2 -Gly-Gly-His-COOH (GGH) Figure 3B ). ates covalent crosslinks across the pentameric sub-
Introduction

Results and Discussion
Cowpea mosaic virus (CPMV) is an icosahedral plant virus composed of 60 identical copies of a protein asym-
Oxidation by Ni/GGH/MMPP metric unit assembled around a single-stranded RNA CPMV is indefinitely stable to the peracid MMPP and genome [1, 2] . Because of its high expression yields in several other water-soluble two-electron and oxygenits host plant, ease of isolation, stability, and known atom-transfer oxidants. To a solution of CPMV (1 mg/ml) X-ray crystal structure [3], we have used it as a prototypiin phosphate buffer (pH 7.0) was added Ni/GGH/MMPP cal reagent to explore the limits of virus-based chemical (in 1/1/1 ratio) at a stoichiometry of 10, 100, or 1000 reactions. At approximately 30 nm in diameter, the partiequivalents of nickel per viral asymmetric unit. After incucles may be regarded as topologically analogous to bation and quenching with an excess of ␤-mercapdendrimers, but much larger in size and easier to pretoethanol, the samples were analyzed by denaturing gel pare. Each protein asymmetric unit consists of two subelectrophoresis, as shown in Figure 2A . The characterisunits, small (23 kDa, comprising the A domain) and large tic two bands of CPMV, corresponding to the large and (41 kDa, B ϩ C domains). The particle can also be desmall subunits, appear in lane 2. Lanes 3-7 show the scribed as the association of 12 pentamers of this asymresults with increasing Ni/GGH/MMPP concentration. metric unit (Figure 1 ). CPMV chimeras can be readily preNotable is the appearance of higher molecular weight pared by site-directed mutagenesis or insertion of foreign products in lanes 3-6, accompanied by a loss of intensequences at precise sites on the viral capsid [4] . sity of the underivatized small subunit, with the large The chemical reactivity of CPMV is well defined and subunit band remaining unchanged. The new bands are consistent with expectations based on its X-ray crystal found at positions corresponding to the expected mostructure. Thus, exposed lysine side chains may be adlecular weights of dimers (46 kDa), trimers (69 kDa), dressed with activated ester electrophiles [5, 6], while tetramers (92 kDa), and pentamers (115 kDa) of the small the dearth of cysteines on the exterior surface of the subunit. While the pentamer appears to be formed in capsid makes the particle poorly reactive with thiolthe greatest amount, no higher oligomers are observed. specific reagents [7] . Chimeras with one or more cysAs discussed below, a separate band for the cyclic, teines inserted at precise locations on each asymmetric rather than linear, pentamer would be expected, but is unit have been created and are highly reactive toward not observed with the nickel system. Examination of the maleimides and bromoacetamides, which permits the putative linear pentamer by in-gel protease digestion and mass spectrometry identified it conclusively as deriving from the CPMV small subunit (data not shown).
*Correspondence: mgfinn@scripps.edu reacted at both unmodified subunits, but the degree of labeling of the crosslinked bands was inversely proporgradient, and transmission electronic microscopy, all of which show particles with characteristics indistinguishtional to the size of the band (data not shown). Thus, while reactivity toward NHS esters is retained upon able from the native particle (data not shown).
The best yield of crosslinked products was achieved crosslinking, there may be one or more lysine sites that are at least partially blocked by oxidative treatment. using a moderate excess (100-fold) of Ni II /GGH-MMPP per protein asymmetric unit (Figure 2A, lane 4) ; the use of 5000 equivalents of Ni/GGH/MMPP completely inhibited
Inhibition and Trapping
The Ni/GGH/MMPP crosslinking reaction was inhibited crosslinking (lane 7). The efficiency of the crosslinking process therefore appears to be a balance between by added tyrosine or tryptophan in a dose-dependent manner (complete inhibition with 50 equiv. of amino acid the concentration of Ni(III) centers and a competitive quenching of tyrosyl radicals by excess reagent in soluper virus asymmetric unit; data not shown), whereas serine had no effect up to 1000 equiv. Figure 3A shows tion; a reaction between oxidized tyrosine and the tripeptide GGH has been described [14] . Figure 2B shows the effect of cysteine and cystine on the process. The former was a good inhibitor of crosslinking at 1 mM that the reaction is largely complete within 1 min of mixing. No change was observed in the outcome after (approximately 100 equivalents per asymmetric unit; Figure 3A , lanes 3-6), probably quenching the high-19 hr at room temperature (data not shown). When a sample of oxidized CPMV was isolated after the optivalent nickel species by virtue of its coordinating ability and reducing power. More interestingly, cystine, which mized reaction conditions and resubjected to fresh reagents, no further crosslinking was observed.
is both a poorer ligand for metals and cannot be easily oxidized, also retarded oxidative crosslinking, albeit at Crosslinked CPMV was found to retain the lysine-based chemical reactivity of the untreated particle. Wild-type higher concentration, showing dramatic but not quite complete inhibition at up to 10 mM ( Figure 3A , lanes CPMV and the purified virus obtained from optimized Ni/GGH/MMPP treatment were treated with fluorescein-7-10). While one cannot rule out the presence of low concentrations of cysteine in the cystine reactions (and NHS ester under identical conditions. Quantitative measurement of the dye absorbance of the resulting partivice versa), we suggest that cystine quenches intermedi- were crosslinked in a manner indistinguishable from wild-type upon treatment with Ni/GGH/MMPP, including two-step process were roughly constant for a range of concentrations of 1: 5 mM, 20 Ϯ 5 dyes/particle; 3 mM, the response to variations in the concentration of the oxidative reagent. In contrast, the Y52F and Y103F mu-26 Ϯ 5 dyes/particle; 2 mM, 29 Ϯ 5 dyes/particle; 1 mM, 20 Ϯ 5 dyes/particle; and 0.5 mM, 32 Ϯ 5 dyes/particle. tants were found to be completely resistant to crosslink- Crosslinking of viral subunits may, in principle, make identical to that of the linear pentamer (data not shown). We therefore assign this band to the cyclic pentamer virions more resistant to disassembly; a spectacular example is provided by the natural chain mail architecture created by constructing all five possible crosslinks between small subunits. Its diminished mobility on electroof bacteriophage HK97 [29] . Wild-type CPMV, before and after optimized Ni-GGH-MMPP crosslinking, was phoresis compared with the linear pentamer (which is made by four subunit crosslinks) mirrors the relative exposed to heat and extremes of pH and monitored by size-exclusion FPLC. No differences in stability were positions of linked versus linear pentamers in the "chain mail" capsid of mature bacteriophage HK97 [28] . Figure observed between native and crosslinked capsids. Both are stable for more than 2 days in the presence of 20% 7B shows the expected inhibition of photochemical crosslinking with increasing concentrations of added DMSO at room temperature and for more than 4 days over a range of pH from 3.0 to 9.5 at room temperature, histidine, which is capable of intercepting the putative Ru(III) oxidative species. Note that this competition elimbut lose integrity after 15 min at 50ЊC. We suggest that a positive effect on the stability of inated the highest molecular weight bands first as histidine concentration was raised, as expected for the inhithe 60-unit assembly can be achieved only when the protein interface being crosslinked is important to partibition of a sequential stepwise process.
The Phe-for-Tyr mutants behaved similarly in the phocle integrity and when a high percentage of such connections are made. Neither condition appears to be sattoactivated reaction as in the Ni/GGH/MMPP process: isfied in this case, as follows. The small subunit pening of tyrosine residues in order to achieve more stable structures. Nature's use of covalent crosslinks to tameric interface being crosslinked by the observed dityrosine is already the strongest interface in CPMV, as make an extraordinarily thin and tough capsid in bacteriophage HK97 is both an inspiration and a challenge evaluated by buried surface area association energies [23, 30] . By this criterion, the interface between the small to protein engineering on a nanochemical scale [29] . and large subunits is the "weakest link" of the assembled
Experimental Procedures
particle and so is predicted to be the site at which crosslinking has the best chance to improve particle stability. 1H, CHC(O)), 5.42-5.60 (m, 1H, NHC(O) 
